Electrically conductive adhesives (ECAs) have been developed as an alternative to traditional Sn-Pb solders for electronic and optoelectronic applications. However, there are critical limitations such as the low conductivity, and unstable contact resistance. These limitations have seriously hindered the broad applications of ECAs. In order to overcome these limitations, a new formulation using Pb-free conducting filler particles was proposed. Our previous study proved that the metallurgical interconnections among conducting filler particles and between particles and the conducting pads were established by process control. In particular, it was found that the wetting behavior of conducting fillers in ECAs is one of the main mechanisms for the establishment of conduction paths. In this study, we propose the fundamental concept of an assembly process using fusible Pb-free conducting filler particles. Also, the effect of the reduction capability of base resin material on the solder wetting property was investigated. As candidates for ECA compositions, two types of resin materials and two lead-free solders were investigated. The reflow temperature profiles for each ECA formulation were determined using a differential scanning calorimeter (DSC) dynamic scan. The wettabilities of the lead-free solders were investigated using an optical microscope with a CCD camera and a microfocus Xray television system. It was found that the developed resin material with an intrinsic reduction capability shows good wettabilities in both leadfree candidates.
Introduction
In recent years, the need for miniaturization, higher integration, higher performance and lower cost advanced electronic packages has grown. 1, 2) Soldering technology using tin/lead solder alloys plays a crucial role in the manufacturing of electronics packaging.
3) It is used for solder-ball connections of ball-grid array (BGA) packages, flip-chip (FC) connections and in the assembly of surface mount technology (SMT) components on printed-circuitboards (PCB). As one of the primary components of eutectic solders, lead provides many technical advantages: 4) 1) Pb reduces the surface tension of pure tin and eventually facilitates wetting, 2) Pb prevents the transformation of white tin to gray tin upon cooling past 286 K, 3) Pb serves as a solvent metal, enabling the rapid formation of intermetallic bonds by diffusing in the liquid state. However, the global concerns of the toxicity and health hazard in solders have accelerated the elimination of Pb usage, due to the inherent toxicity of Pb. In addition, the volatile solvents used to clean the flux residue cause the destruction of the ozone layer. 5) This has resulted in the search for lead-free alternatives to the conventional tin/lead solders and alternative joining processes for microelectronics applications. Two different groups of materials are being actively investigated for possible alternatives. One is lead-free solder alloys 6, 7) and the other is electrically conductive adhesives (ECAs). 8, 9) The present paper discusses the development and assembly of ECAs. There are various types of ECA formulations, including isotropic conductive adhesives (ICAs) and anisotropic conductive adhesives (ACAs), as shown in Fig. 1 . ICAs consist of metallic particles and an organic binder with typical loadings of 25-30 volume %, and are electrically conductive in all directions. As a result, ICAs may be deposited only where electrical connections are actually required. ACAs have much lower metal contents of 5-20 volume % and become conductive in one direction when compressed between two conducting pads. Conductive adhesives have the following potential advantages: [10] [11] [12] 1) lower process temperature enabling the use of heat-sensitive or nonsolderable materials, 2) higher resolution capability, 3) reduced environmental impact, and 4) improved processing characteristics. On the other hand, since the electrical conduction is obtained by mechanical/physical contact, several critical limitations such as low conductivity, unstable contact resistance, low joint strength, and silver migration have been found. [13] [14] [15] In order to overcome these drawbacks, our group has studied a hybrid of solder and conductive adhesive joining technologies to benefit from the advantages of both. In our previous work, 16) we reported on the preliminary results of a new class of conductive adhesives using fusible Pb-free conducting filler particles, and polymer binder with an intrinsic reduction capability. Also, we could achieve different types of conduction paths according to the wetting and spreading characteristics in resin materials. In this study, the fundamental concept of the conductive adhesive assembly process was proposed. Four ECAs were formulated using two types resin materials and two lead-free alloys with low melting points. The proper reflow profiles for each ECA formulation were investigated by a differential scanning calorimeter (DSC). Wetting tests were conducted using each ECA formulation. The spreading and wetting angles were observed to investigate the effect of the reduction capability of the base resin material on the wettability in each ECA formulation. The results may contribute to an understanding of the mechanism of the conduction path formation, and to the establishment of the conductive adhesive assembly process using fusible solder filler particles.
Fundamental Concept of the Conductive Adhesives
Assembly Process
The schematic of the conductive adhesives assembly process is shown in Fig. 2 . The electrically conductive adhesive consists of a fusible Pb-free conducting filler particle with a low melting point, a polymer binder, and other minor organic additives. Prior to reflow, the ECA is supplied locally or totally on the substrate and the chip is mounted on the ECA. During the initial stages of reflow, the ECA liquefies, and its viscosity decreases with increasing temperature. At this stage, the melted filler starts to wet on the surface of the conducting pads. Our previous work proved that it is important to control the process-related parameters such as the joint height h, the reflow temperature T, and the volume fraction of the filler particle V f . In this step ( Fig.  2(b) ), since the excessive curing progress of the resin materials reduces the wettability of the melted filler particles, the resin materials should not be cured too much before the melting point of the filler particle in order to achieve good wettability. This is critical for achieving reliable metallurgical interconnections such as those of solder joints. The wetting of filler particles initiates at the contact region between the particle and the conducting pad. Moreover, one of the critical requirements for a useful ECA formulation is to provide enough reduction capability during the reflow process. The reduction mechanism for organic acids can be expressed by the following reaction:
The organic acids attack the oxide layer on both surfaces of the copper pad and the solder. Consequently, the reduction capability of the resin material helps to remove oxides from both the filler particles and the conducting pads, promoting the wetting of the filler particles to the pads. The fundamental concept of this process is that a more stable conduction path is established by using the wetting and spreading characteristics of filler particles in ECA during the reflow process.
Experimental Procedure

Materials
In order to investigate the effect of the reduction capability of the resin material on the wettability, a fusible filler particle was selected from a group consisting of Cu, Zn, Ag, Cd, In, Sn, Au, and Bi. In this study, eutectic Sn-In and Sn-Bi solder balls with diameters of 1 mm (AE0:020) were used from Senju Metal Industry Co. Ltd. The chemical composition of the solder alloy is shown in Table 1 . Based on a previous study 18, 19) of the new ECA formulation, two kinds of resin material were used for the polymer binder and characterization. The two resin materials were named Resin A, and Resin B. Resin A is a blend of bisphenol A and bisphenol F Electrode Since carboxylic acid with two or more carboxyl groups (-COOH) in a molecule was used for the curing agent, it has an excellent fluxing effect against the surface oxide. It is also possible to inhibit the generation of void since it has no volatility. Their material properties are listed in Table 2 .
Solder wetting test
To evaluate whether the resin materials can provide sufficient reduction capability, solder wetting tests were performed. For the conductive adhesive formulations, we examined four formulations (ECA-1 to ECA-4). Each formulation is shown in Table 3 . A copper foil laminated FR-4 board was used as the substrate. The pad was designed to be sufficiently large to allow for the wetting of the solder. Figure 3 shows the pad configuration of the wetting specimen. The specimens were cleaned using the following procedure: 5 minutes of ultrasonic cleaning with acetone, followed by a DI water rinse, 30 seconds of etching in a 6% HCl/H 2 O solution to remove the surface oxide, followed by a DI water rinse and air-jet drying. Prior to the wetting test, we conducted a differential scanning calorimeter (DSC) study in order to investigate the curing behaviors of resin materials and the melting of the solder balls. The liquid resin samples and the solder balls were heated in an aluminum pan to 473 K in a DSC instrument (PerkinElmer; DSC-7) at a heating rate of 5 K/min under an argon purge gas atmosphere. Based on the results of DSC analysis, proper reflow profiles were determined. For a wetting experiment, a solder ball was placed on a pad. Then, an amount of liquid resin was applied to immerse the solder ball. The test vehicles were then reflowed on the uniform heating vessel (Sanyoseiko Co. Ltd.; SA-5000) with the desired profile in an air atmosphere. The spreading of the solder melt on the copper board was observed using the microfocus X-ray television system (Shimadzu Co.; SMX-1160E). The reflowed solder ball was then cross-sectioned using a diamond saw, and the wetting angle was evaluated quantitatively using an optical microscope with a CCD camera.
Results and Discussion
The curing behaviors of the resin materials employed and the melting behaviors of the lead-free solders used in this study are shown in Fig. 4 . As can be seen from this figure, the curing peak temperatures of each resin material were about 399 K for resin A, and about 414 K for resin B. They showed relatively low-temperature curing characteristics compared to those of conventional silver-filled conductive adhesives. Also, it can be seen that the endothermic peak temperatures were about 394 K for the Sn-In solder alloy, and about 418 K for the Sn-Bi solder alloy, and the resin materials did not show significant curing at these temperatures. As previously mentioned, a proper reflow profile must be selected for the melted solder to more quickly wet and spread than the curing of the resin materials. Otherwise, the wetting and spreading behaviors are hindered due to the excessive curing progress of the resin materials. Based on these results of the DSC dynamic scan analysis, the reflow profiles for each sample were developed as shown in Fig. 5 . As shown in the figure, in order to ensure that each solder melts and wets, the test vehicles were heated from ambient temperature to a temperature of about 15$20 K higher than the peak point of each solder alloy. In addition, we set the ramping time to 1 minute to this temperature in order to avoid the excessive curing progress of each resin material. Then, the test vehicles remained at this temperature for 3 minutes, followed by a heating to 453 K for 1 minute and a curing time of 60 minutes. After this, the test vehicles were reflowed with this developed reflow profile, and the spreadings of the solder alloys were inspected using the X-ray equipment. Figure 6 shows an X-ray picture of the spreading of each ECA formulation where the white circle represents the size of the non-melted solder ball. As shown in the figure, both the Sn-In and Sn-Bi solder alloys hardly spread at all when resin A was used as the polymer binder. When using resin B, however, both solder alloys showed good spreading behavior due to their reduction capability. The difference in the spreading areas between the Sn-In solder alloy and the Sn-Bi solder alloy was not remarkable. The radius of the basis area b and the spread area A were about 0.82 mm, and 2.11 mm 2 , respectively. If the spreading of a solder alloy is assumed to remain a spherical cap, the volume of the spread solder V can be expressed as a function of the radius of the basis area b and the wetting angle , which is given by Klein-Wassink:
As the spread of the solder volume can be assumed to be the volume of the solder ball (¼ ð4=3Þr 3 ) before the reflow process, eq. (1) may be rearranged to show the relationship between the radius of the solder ball and the contact angle:
From this relationship, the wetting angles could be predicted, and were about 32 degrees. In order to investigate the extent of solder wetting in the resin material, the wetting angle was inspected. Figure 7 shows the optical cross-section microscope of the solder wetting in resin A. As expected in the Xray inspection, solder wetting almost did not occur. In general, wetting is possible only if the solder can come into immediate contact with the metallic surface of the conducting pad. Any contamination such as oxides on the surface to be soldered will act as a barrier to metallic continuity and thus prevent wetting. As resin A has no reduction capability, the solders did not wet due to the oxides remaining on the surface of the solders and the conducting pads. In a previous work, it was proved that the ECA-1 formulation using resin A wet locally and a necking-type conduction path was formed. This type of conduction path may be explained by preventing the wetting and the spreading as shown in the wetting test. This was mainly caused by the remaining surface oxide films of both the solder alloys and the conducting pad.
On the other hand, as shown in Fig. 8 , both the Sn-In alloy in the ECA-3 and the Sn-Bi alloy in the ECA-4 with Resin B showed good wettability. During the reflow process, the resin materials began to soften at a temperature of around 373 K, and flowed. For resin B, it could be observed that the solder alloys melted, wet and spread with increasing reflow temperature. Resin B showed an excellent fluxing effect in contrast with resin A. Also, this fluxing action was effective for wetting and spreading the Sn-In and Sn-Bi solder alloy, especially, in each of the ECA formulations. A good metallurgical interconnection between the fusible filler particles and between the particles and the conducting pads is expected. For a quantitative comparison of the wetting angle, Fig. 9 shows the wetting angle measured using the cross-section picture of each ECA formulation. The wetting angle in each ECA formulation was the average of both ends of the four samples. As shown in the results, the solder alloys in resin A did not wet and the wetting angles were about 156.8 deg for the Sn-In solder, and about 152.3 deg for the Sn-Bi solder. On the other hand, the wetting angles in resin B were much smaller than those in resin A. The wetting angles were about 35.4 deg and 34.1 deg for Sn-In and Sn-Bi solder, respectively. Also, it can be seen that the fluxing capacity of resin B on the Sn-Bi solder alloy was slightly better than that on the Sn-In solder alloy. The report reviewed by Abtew et al. 4) on the wettability of lead-free solders is most useful for comparing the wetting angle of different alloys, because they were all measured using the same flux. They reported that the wetting angles on the copper substrate using A611 flux were 63 AE 6 deg at 488 K, 41 AE 9 deg at 503 K, and 33 AE 5 deg at 518 K for Sn-50In solder, and 43 AE 8 deg at 468 K for Sn58Bi solder. A meaningful comparison of the performance based on such measures as the wetting angle of the alloys is difficult because of the experimental variables such as the temperature of measurement, the surface condition of the substrates, and the fluxes used. However, the results observed in this study showed good wettability compared to those of other reports using fluxes. 4, 22, 23) It can be also concluded that resin B has an effective reduction capability on the candidate fusible lead-free solders of Sn-In and Sn-Bi solder alloy.
Conclusions
The wetting and spreading characteristics of filler particles in the ECA formulations are critical in achieving metallurgical interconnections during assembly processes. Two epoxy-type resin materials were investigated as polymer binders, and two lead-free solders (Sn-42In, Sn-58Bi) with low melting points were examined as potential filler alloy materials. The developed polymer binders were characterized using DSC dynamic scans, and the proper reflow profiles were developed. As one of the main mechanisms, the solder wetting test was conducted, and the results proved that the resin B developed has excellent reduction capabilities for each of the lead-free solders to wet onto the non-noble copper conducting pad during the reflow process. There was evidence for the wetting of both the Sn-In and Sn-Bi alloys in resin A through the X-ray inspection of the solder spreadings. However, the spread areas and the radius of the basis area for both of the solder alloys in resin B with its intrinsic reduction capability enlarged by about 2.6 times (2.11 mm 2 ) and 1.6 times (0.82 mm), respectively, compared to the size of the original solder balls used. The average wetting angle of the Sn-In solder in ECA 3 was about 35.4 deg, while the corresponding value of the Sn-Bi solder in ECA 4 was about 34.1 deg. Although the difference in the wettability between the Sn-In solder and the Sn-Bi solder in resin B was not significant, it could be observed that the reduction capability on the Sn-Bi solder was slightly more effective compared to that on the Sn-In solder. 
